Abstract 2
A detailed study of the chevron-shaped dark spots on the strong southern equatorial wind 3 jet near 7.5° S planetographic latitude shows variations in velocity with longitude and 4 time. The presence of the large anticyclonic South Equatorial Disturbance (SED) has a 5 profound effect on the chevron velocity, causing slower velocities to its east and 6 accelerations over distance from the disturbance. The chevrons move with velocities 7 near the maximum wind jet velocity of -140 m/s, as deduced by the history of velocities 8 at this latitude and the magnitude of the symmetric wind jet near 7° N latitude. Their 9 repetitive nature is consistent with a gravity-inertia wave (n = 75 to 100) with phase 10 speed up to 25 m/s, relative to the local flow, but the identity of this wave mode is not 11 well constrained. However, for the first time, high spatial resolution movies from Cassini 12 images show that the chevrons oscillate in latitude with a 6.7 +/-0.7-day period. This 13 oscillating motion has a wavelength of -20° and a speed of 101 +/-3 m/s, following a 14 pattern similar to that seen in the Rossby wave plumes of the North Equatorial Zone, and 15 possibly reinforced by it. All dates show chevron latitude variability, but it is unclear if 16 this larger wave is present during other epochs, as there are no other suitable time series 17 movies that fully delineate it. In the presence of mUltiple wave modes, the difference in 18 dominant cloud appearance between 7° Nand 7.5° S is likely due to the presence of the 19
Great Red Spot, either through changes in stratification and stability or by acting as a 20 wave boundary. 21 1 1 observed all around the planet, but some individual features move more slowly over 2 shorter intervals. However, when the SED is conspicuous, the speed of the features are 3 markedly reduced east of the SED and sometimes, to a variable extent, at all longitudes 4 (Rogers and Mettig 2008). 5 6
In this paper, we use high spatial resolution Voyager, Hubble, and Cassini data, 7 combined with a time series of ground-based data, to examine and characterize 8 longitudinal variations within the flow field at 7.5 0 S. Section 2 discusses the general 9 appearance of Jupiter's equatorial region and the South Equatorial Zone (SEZ) to SEB 10 interface. This includes the fonnation, cloud structure and internal flow, and evolution of 11 the latest SED and the morphology and spacing of chevrons. In Section 3 we show 12 chevron velocities and latitudes and the SED's effect on cloud velocity at nearby 13 longitudes. Section 4 explains the more detailed and complex chevron motions revealed 14 in time-lapse movies. Finally, in Section 5 we examine the identity of wave features and 15 causes for the chevron pattern, as well as the asymmetry seen across the equatorial 16 clouds. 17 18 2. Appearance of the South Equatorial Zone and Belt Interface 19
The Equatorial Zone (EZ) is often filled with white clouds, with small, chevron-shaped, 20
clouds on the southern edge. These features mark the boundary of the EZ from the SEB 21
and correspond with the peak of a strong eastward wind jet. During the Voyager and 22
Cassini flyby eras, there was a single large cloud feature in the SEZ, the SED. The SED has been tracked extensively in the ground-based historical record. From this 42 record, we can mark the persistence of previous SED features, most notably from 1976 to 43 1989 and 1879 to ~ 1885 (Rogers 1995) . On other dates, smaller features were observed 44 as cloud rifts extending from the SEZ to the SEB, but none lasted as long as a full SED 45 (Rogers 1995) . The most recent SED has been monitored, both by appearance and by its 46 effect on the wind field, as a unique feature in accurate ground-based observations from This most recent SED typically moved at -90 m1s eastward, much slower than the 6 apparent wind jet speed, like previous SEDs (Maxworthy 1985 From ground-based data, the SED typically appears as a discontinuity or rift into the SEB 28 at visible wavelengths, though in its more quiescent state it is only delineated by a blue-29 grey streak and white strip, as noted above and shown in the sketch in Fig. S2 (Rogers et 30 al. 2003 (Rogers et 30 al. , 2005 . When active, it is also striking as a dark feature in methane gas-31 absorption band imaging at 889 nm (Rogers et al. 2003 (Rogers et al. , 2005 . This is in contrast to the 32 NEZ plumes and adjacent cloud holes that are generally indistinct in 889-nm imaging. 33
The NEZ is covered by methane-bright haze, and occasionally a very active plume will 34 appear bright, while the nearby visibly dark clearings appear dark. In Hubble and Cassini 35 images, the small chevrons at 7° S typically behave the same way as the NEZ, with dark 36 visible cloud clearings corresponding to dark 889-nm features. In addition, most major 37 anticyclonic vortices, for example the GRS, are also bright at 889 nm and can be seen to 38 affect hazes up into the stratosphere at UV wavelengths. This is not the case for the SED. were interpolated to the same scale (1800 x 50 pixels, spanning _2° to _12°) and the 34 brightness variation at -7.6° was analyzed, within the range of average chevron latitude in 35 these maps. Although the images were contrast enhanced, overly enhancing the contrast 36 or high pass filtering did not change the results, as the dark chevrons contrast well with 37 the intervening clouds. As shown in Figure 3 , many significant periods «0.1 % false-38 alarm probability; power> 13.2) are found with 3° to 12° spacing, and we limit the 39 search to these short periods to avoid aliasing and confusion with very large structures. Another interesting aspect of the chevrons is their velocity and latitude variation. As 35 Table I shows, dates with full longitude coverage from spacecraft data are rare, but many 36 other data sets exist with limited longitude coverage from spacecraft, or more extensive 37 coverage from ground-based observers. Any time-separated images of the same 38 longitudes can be used to determine wind velocities, as long as cloud features can be 39 resolved. In the highest spatial resolution Voyager and Galileo imaging data, time 40 separations of less than an hour can be used to determine the smallest of motions with 41 low uncertainty. As resolution degrades, contrast decreases on smaller features, and it 42 becomes necessary to track over longer time periods to decrease the uncertainty in cloud 43 motion measurements, as long as the feature has not changed significantly and can be 44 uniquely identified. In practice, both high-resolution, short-time-separation, and lower-45 resolution, longer-time-separation measurements give essentially the same results for the 46 jet peak, dominated by the motion of the chevrons (Rogers and Mettig 2008) .
The spacecraft images were navigated using common least squares ellipsoid limb fitting 3 techniques. The amateur ground-based data, were also navigated using limb fitting, and 4 refined by moon positions, and the known latitudes of features such as the GRS, allowing 5 positions to be measured to better 0.4°. Feature locations were recorded using the 6 JUPOS project software (see http://jupos.org for a complete description of the process 7 and its history, and additional details below). The compiled database of positions was 8 then converted into accurate drift rates. 9 10 3.1 Chevron Velocity 11
Using the Hubble data shown in Table 1 The apparent discontinuity between velocities at 0° and 360° in these plots is due to 41 motion of features over the time elapsed in a rotation, and the ability of the correlation to 42 match features near image boundaries. The white clouds between the dark chevrons 43 appear to move more slowly than the chevrons themselves, though in some cases this is 44 due to lack of distinct tracleable features. The bottom panels of Fig. 5 In contrast, Figure 7 shows the results from 2010, after the SED disappeared. From June 2 onwards, the alternative regime had taken over, seen in previous years when the SED was 3 less active (Rogers and Mettig 2008) , but now recorded with improved precision and 4
detail. There were long-lived bands of disturbance (revealed by a high density of 5 measurable dark features in Fig. 7) , moving with the maximum speed (158 +/-2 m/s); 6 some individual chevrons moved at this speed, but many other chevrons moved more 7 slowly (~132-144 m/s), see Table 3 . The disturbed sectors of the 7.5° S jet were often 8 conspicuous in high-resolution images, such as the top strip map in Fig. S 1. 9 10 Within the 2010 observations, it was evident that slower chevrons tended to appear, ] 1 whether single or multiple, within the fast-moving larger clusters (Fig.7) . We examined 12 7 examples in detail, those where the initial JUPOS chart suggested that individual spots 13 had decelerated within a cluster, to test whether the slow spots had fonned anew or by 14 deceleration of pre-existing fast spots. In these case studies we plotted the JUPOS data at 15 higher resolution and also compiled the images so as to follow individual spots within 16 these complex and rapidly-changing clusters. One example contained seven slow-moving 17 spots; the others had one or two (e.g., Fig. S5 ), although some neighboring spots with less 18 well characterized tracks may also have decelerated. 19 20
High-resolution images showed that both fast and slow chevrons had similar 21 morphologies. The slow chevrons tended to occur within dense clusters of chevrons that 22 had sometimes formed anew, and some came from existing faster chevrons that 23 decelerated over a few days, or were generated by splitting of faster features, as seen in 24 online Figure S5 . These slower spots were shorter-lived: mean duration of track was 8.6 25 days for slow spots, 17.6 days for fast spots (significant at P<O.OI by Student's t-test; 26 Table 3 ). They also appeared to be slightly further north. 27 28
Chevron Latitude 29
The question naturally arises whether the difference in chevron speed can be attributed to 30 a change in latitude, as features move in and out of the peak of the zonal wind jet. To test 31 if latitude is affecting the chevron velocity, latitude from the spacecraft images is plotted 32 against velocity in the bottom panel of (Table 3) , within the range of the wind jet peak:, 2
However, in the 7 examples studied in detail, slow chevrons which decelerated or split 3 off from faster chevrons were always further north than the faster ones, by an average of 4 0.36° +/-0.15°. This was likely not because the chevron itself shifted north, but typically 5 because its northern limb became darker or detached altogether from the dynamical 6 pattern in the jet. Again, the slight latitude shift is not nearly enough to account for the 7 slow speeds based on the cloud top zonal wind profile alone, which would only give a 8 few m/s variation, as shown in Fig. 4 These chevrons can be seen to vary in many aspects; a chevron may alternately lead and 22 lag the movie frame velocity, the chevrons sometimes split, dissipate entirely, or re-form, 23
and some of the white clouds and delineating chevrons show cyclonic circulation. 24
Occasionally a fast dark spot will appear to race across the chevron pattern at high 25 velocity (see annotations in the Online Movies). In addition, the northern extension of 26 the chevrons and clouds appear to interact with the southern extensions of, and gyres 27 formed beneath, the NEZ plumes. 28 29
However, the most striking discovery in the movies is that the chevrons oscillate in 30 latitude, with a well-defined period of 6.7 +/-0.7 days (from manually tracking 12 31 chevrons with a total of 58 oscillation cycles). This oscillation is particularly obvious in 32 movies, and sample features from movie frames are shown in Figure 8 with lines marking 33 the maximum and minimum points of the oscillations. The oscillating chevrons are the 34 predominant features along the wind jet, excluding the region east of the SED, with a 35 mean velocity of 146.6 +/-3.5 m/s. The chevron latitude varies from a crest at 6.6° S to a 36 trough at 8.5° S in the highest amplitude cases. 37 38
Although the oscillating chevrons are often long-lived, their appearance changes 39 throughout the ~ 7 -day cycle, and in some cases the chevron is only well defined at the 40 trough of the cycle. During the crest of the oscillation, the feature can appear as anything 41 from a fully formed chevron to merely a small streak, and they often appear to "leap" 42 before descending. At the trough, when it contacts the SEB edge and may interact with 43 slower-moving short-lived features, it becomes enveloped in expanding, slower-moving 44 dark material that forms the well-defined Nand S limbs of the chevron, as seen in the 45 annotated Supplemental Movies. In this phase it often shows a distinct cyclonic 46 circulation from the incoming streak (N limb) to the expanding S limb, whose tip shows a 1 typical speed of -116 m/s at 8.4° S consistent with the zonal wind profile (e.g., Porco et 2 aI2003). 3 4
The chevron also has a variable N limb; sometimes it accompanies or trails after the fast 5 dark peak, other times it emerges in anticyclonic rotation as the chevron begins its 6
upswing. There is also much variability in appearance due to small-scale turbulence and 7 ephemeral slower-moving features; hence, the oscillations cannot be reliably identified 8 except from the movies. In fact, although single global maps show variation in chevron 9 latitude, as discussed in Section 3.2, any searches for periodicity in latitude, and hence a 10 standing wave, yield null results. This is almost certainly because feature morphology is 11 variable and a chevron tip does not always correspond to the exact crest or peak of the 12 wave at that instant in time; a single view or latitude measurement can not clearly 13 delineate the wave. 14 15
The origin of the chevrons and of their oscillations, east of the SED, can also be seen in 16 detail in the movies. Proceeding east from the SED, the 7.5° S cloud structure is initially The SED may be explained as a similar feature with wavenumber 1, as proposed by 28 Maxworthy (1985) and Allison (1990 In the movies, the chevrons seem to be material tracers of the flow field, in that they trace 24 the large-scale wave pattern, but move at higher velocity. As suggested by Garcia-25
Melendo et al. Similarly, the sparse velocities measured for 1995 were slightly slower than those for 3 1996, with more chevrons present in 1995. In general, the data are too sparse to draw any 4 conclusions about a correlation between chevron velocity and lifetime or spacing. 5 6
The shape of the features is also not diagnostic, as wind shear on clouds along the sharply 7 defined jet should preferentially result in a chevron shape, though interestingly, such 8
features there is no way to distinguish between equivalent depth and wave mode at these high 20
wavenumbers. In addition, these Rossby modes would be susceptible to critical layer 21 absorption as their low phase speeds are smaller than the integrated verticallhorizontal 22
shear. However, Allison (1990) also proposed gravity-inertia, Kelvin and Yanai waves 23 modes for the Jovian atmosphere (see his Figure 5 and Table 1) and as possible  24 explanations for the chevron features. With chevron velocities 0 to 25 mls different than 25 the zonal flow, an eastward gravity-inertia wave with these phase speeds would require 26 very small equivalent depths of < 40 m. It should be noted that these linearized wave 27 dispersion models do not take into account wind shear, and many other aspects of the true 28 atmosphere, and may not represent a realistic dynamical picture. However, in a separate 29 analysis, Allison and Atkinson (2001) showed that residuals in the-Galileo Probe Doppler 30 signal were consistent with a vertically propagating gravity-inertia wave between 1.5 and 31 4 bars, with small equivalent depth and low relative phase speed. 32 33
Equatorial Asymmetry and Stability 34
Despite an apparently symmetric wind jet structure, an important question remains as to 35
why there is such a large difference in the visible cloud structure between the two 36 regions. At 7.5° S the dominant cloud feature is the chevrons, with the occasional long-37 lived SED, while there is usually a regular array of multiple NEZ plumes at 7° N. During 38 the Voyager era, this difference was attributed to the interactions of SEB convective 39 activity with the 7.5° S jet (Mitchell et al. 1979 ). However, similar convective activity 40 and interaction occurs at the NEBINEZ interface as well, and the NEZ plume pattern is Note that in the historical record from ~1870 to 1910, many reports showed the SEZ 3 filled with numerous dark projections and fewer plumes in the NEZ (Rogers 1995) . At 4 the same time, although cloud structures suggesting the edge of a vortex were seen 5 repeatedly in the early to mid-1800s, the GRS was not recognized in its present form until 6 the 1870s when it was visibly red and distinct, but extended ~30° in longitude, much 7 larger than today, suggesting it is not a permanent feature (Rogers 1995) . During the 8 early era of multiple SEZ plumes, a number of micrometer measurements, albeit of 9 unknown accuracy, place the GRS further south, at 23.5° S to 25° S latitude (Peek 1958), 10 than is observed today, though there is no obvious correlation between SED appearances 11 and GRS latitude shifts, Fig. 9 . 12 13 However, many studies have speculated that the mere presence of a GRS affects the 14 stability of the region and could explain the disparity in dominant wavelength or type and 15 cloud appearance between 7°N and 7.5° S (ej, Beebe et al.
1989, Allison 1990). 16
Comparing the Voyager zonal wind profiles, Ingersoll et al. (1981) found that the 17 westward wind jets were subject to barotropic instability (large wind shear drives eddy 18 mixing which then lowers the shear), while eastward (prograde) wind jets were very 19 stable. Baroclinic instabilities are possible, however, and horizontal disturbances and 20 gradients can cause vertical wind shears and vice versa. Quasi-periodic outbursts of 21 strong convection in the SEB, and around the GRS could cause a change in stratification 22 and overturning. For example, a moist convective event that leads to large latent heat 23 release, such as the activity outbreaks seen in 1998 and 1999 before the SED formation, 24 can form instability that slowly radiatively relaxes toward the initial state. As the 25 observed outbursts are variable in strength, size and timing, there is no reason to expect 26 the symmetric wind jets near 7° Nand 7.5° S to be in phase. The NEB also has such 27 activity, though perhaps less energetic than the GRS wake and SEB interactions. 28 29
In addition, while simulating Jupiter's equatorial superrotation, Schneider and Liu (2009) 30 also found that prograde wind jets are more susceptible to baroclinic instabilities, and that 31 eddies are responsible for momentum transport and generating off-equatorial wind jets. 32 This is not surprising, though that particular model used artificial conditions, such as a 33 boundary at 3 bars, and stability criteria that may not be realistic for Jupiter. 34
Nonetheless, it confirms that equatorial superrotation is driven through momentum 35 transport from poleward propagating Rossby waves created by convective heating in the 36 equatorial region (Schneider and Liu 2009, Wood and McIntyre 2010) . Near the equator, 37
these Rossby waves had a characteristic wavenumber of ~ 10 and a westward phase 38 velocity of 50 to 100 mls relative to the zonal flow (Schneider and Liu 2009 ). This is 39 consistent with the 7° N plumes, which have speeds roughly 60 mls lower than the wind 40 jet speed, and with the hypothesis of a Rossby wave at 7.5° S. 41 42
With meridionally propagating waves, the very different structure along the two jets 43 could also be caused by destructive wave interference. An example of this is an EI Nino 44 cycle on the Earth, where equatorial Kelvin waves alter the ocean temperature gradients, 45 which in turn alter the winds driving the waves in a positive feedback loop (ej, Philander 46 1990 ). These Kelvin waves spawn Rossby waves that eventually reflect off land and 1 destructively interfere breaking the cycle. This process IS slow and can take many 2 months, leading to extended periods ofE! Nifio conditions. 3 4
On Jupiter, the frequent passages of the GRS and its large turbulent wake may serve as a 5 boundary that reflects large-scale waves back towards the equator and finally breaks the 6 SED cycle. In the northern hemisphere there is no such boundary or deflection 7 mechanism, unless a large vortex or persistent barge should form, and the wave activity 8 will continue until meridional propagation ceases (Schneider and Liu 2009 Frames from a Cassini chevron movie. These maps span 7.5° N to 22.5° S centric latitude and 90° of longitude, and were chosen for approximately equal time separations. The longitude reference frame advances at 140 rnls in System III. The horizontal dashed lines mark 6.5° S centric (7.5° S graphic) latitude. Crests and troughs were identified from the movie and marked in each frame. The velocity and wavelengths are somewhat variable, but average about 20° in wavelength and 100 rnls in velocity. (Fig.6) showing the same region. Green arrows indicate tracks of the 7 chevrons marked in the images. L', longitude in a system moving at -9.36 o/day in
